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1. INTRODUCTION

* This paper revorts on the develorment of a simulation of s
constant input torque vin pelliet runaway escapement,by the trebent
authors [1]*.SThe resulting program provides a basic tool for th
analysis and synthesis of variocus safing and armine devices.

. The dynamics of the regimes of motion of the escapement
have been formulated. Coupled motion, with continuous contact
between escape wheel tooth face and pallet rin, imvact of the pin on
the tooth face and uncoupled, or free, motion of these rechanism ccm-
ponents were considered. The associated regime equations apply to
entrance as well as exit conditions. Sensing exvressions for the
determination of the instantaneous positions of the pallet pin znd
the escape wheel form the basis of the controls of the comnuter prec-
gram. -Ia—-eddition the sensing equations indicate the presence of
such pathological conditions as tip or back face contact. The simu-
lation hes-been, anplied to the timing mechanism of the M525 fuze.

The infiluence of changes in such varameters as escape wheel invut
torque, pallet moment of 1nertia, center distance, nallet radius, etc.
on the mechanism delay time ha#é:Seen explored in detail by apvropri-
ate computer runs. The results ,whaeh‘a*e showa-herey comvare
favorably with existing experimental data.
F k™

This effort represented an extension cf the work of M. I.

Anderson and S. L. Redmond [2]. New methods of contact kinematics

for the coupled motion, of contact sensing, and of computational

1(1] Numbers in braclhets refer to refences in section T.
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controls were developed.

2. DESCRIPTION OF MOTION REGIMES AND SENSING TOOLS

The following describes the various dynamic regimes of
the simulation, together with the applicable sensing parameters.

A. COUPLED MOTION !

Figure 1 shows the entrance pallet rin as it is
driven in coupled motion by tooth Wo. 1 of the escape wheel. The
escape wheel angle ¢ is defined by the line from the escape wheel
pivot Oy to the tip of the contacting tcoth (or the one about *o
make contact) and the center line connecting Og to the pallet pivot
Op. ©Similarly, the angle ¢, which is defined by the line from O, to
the active pallet pin center (entrance or exit) and the center line,
describes the motion of the pallet. The escave wheel is driven by the
constant moment T in the positive direction of rotation. While it is
assumed that friction acts on the vallet pin-esczre wheel tcoth inter-~
face, it is neglected at both pivot pairs since investigation showed
that its effects are negligible when the nivots are of the usual sm=ll
diameter. The mathematical descrivotion of coupled motion is furnicshed
by a non-linear second order differential egquation in the escape
wheel angle ¢. The presence of the pallet is reflected back *to the
escape wheel in terms of a position dependent moment of inertia,
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The quantity g, which represents the distance from the
contact point to the tip of the escape wheel tooth, is used to
determine the progress of courled motion. Cnce the angle ¢ has been
determined from the solution of the differential equation, both ¢
and g may be computed from appropriate kinematic relationships.

B. FREE MOTION

Vher coupled motion is completed, i.e. =0, or when
separation of contact occurs after impact, escape wheel and pallet

Direction \e
-

of :lotion

Figure 2 Free Motion

.move indevendently of each other in free motion. Figure 2 shows this
free motion for the exit phase of the action, i.e. the exit pzllet

pin is sbout to make contact with tocth llo. 2 of the escave wheel.

The constant torque T continues to act cn the escape wheel, while the
motion of the pallet depends only on its initizl conditions. Again,
any frictional retarding moments of the pivots are neglected. The
motions of both components are represented by simple linear 2nd order
differential equations. During this regime, position sensing is
accomplished with the help of the quantities g' and f. The first of
these quantities represents the distance of the pallet pin center from
the tip of the escape wheel tooth, while the second measures the dis-
tance between the pallet pin and the tooth face. The solutions to the
individual differential equations provide the angles¢ and ¢. These
are used to determine the above sensing parameters.

C. IMPACT

Impact follows free motion when both f=0 and g'<O,
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and when the relative wvelocity between the contact surfaces varrants
it. (g' is negative because of the chcice of the coordinate system.)
Such an impact usually reverses the motion of the pallet (see Figure
3) and under certain circumstances also temporarily reverses the
motion of the escape wheel.

\

Figure 3 Exit Impact

Direction

Figure 4 Impending Entrance Impact

Figure L shows free moticn for the subsequent entrance phase of the
mechanism, i.e. the top pallet pin is about tc make ccntact with
tooth No. 3 of the escape wheel. The simulation recognizes only
contact on the front faces of the escape wheel teeth. This means
that such pathological conditions as impact on the tips or on the
back faces of the teeth are not considered. (The control quantities
g and g' make it clear when such a condition exists and the compu-
tation can then be discontinued.)

-
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3. ESCAPEMENT NOMENCLATURE

Figure 5 shows a schematic rerresentation of the pin
pallet escapement and indicates its basic geometric ncmenclature.

Pallet :
///ﬂ)\\\ Escape wheel
> \

|
i
|
|
e

a =

Figure 5 Escapement Nomenclature

Distance between pivots O and O

Escape wheel radius p =

Pallet radius (equal on entrance and on exit side)
Pallet pin radius (equal on entrance and on exit side)
Escape wheel tooth half angle

Angle between escape wheel teeth

Angle between pallet radii

>R XYoo
LU L N (| O [ 1

4. DESCRIPTION OF COMPUTER PROGRAM

The following gives the essential steps of the computer
program“. Figure 6 represents the associated flow chart. The main
program starts the simulation with coupled motion on the entrance side
for a starting angle ¢ = 135°. The total escape wheel angle is set

2The program shown is written in FORTRAN for the CDC System at
ARRADCOM, Dover, NJ.
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.obtained from the preceding computation. This cond
S

LOWEN & ¥TEPPER

e represents the approximate

tarti angl
midpoint of the coupled motion of the example mechanism. The
tation is tervlnatﬂd either when t = .1 seconds, or when the t

escape wheel angle eguals 310°. See Secstion 35B).

to 0°. This choice of starti
+

A. COUPLFD MOTION (location 100)

To solve the differential equation of coupled 2
motion, the main program calls on a fourth order Runge-Kutta routire~
The angles ¢ and “, the total escape wheel angle, the angular
velocities ¢ and ¢, as vell as the control parameter g are comput ed
for each time increment. The program continues ccupled motion unde

the following circumstances:

(1) As long as g<0. (Because of the nature of the
coordinate system, g is always negative while the pallet vin can nake
contact with the escape wheel tooth.)

(2) As long as, for a positive (CC
escape wheel, a succeeding absolute value of ¢ is la
di

i
since in coupled motion when ¢ 1is positive, the escap a
drive the pallet but not slow it down. If such a slcwdown is indi
cated, it means that pzllet and escape wheel have separated and that
free motion is taking place. A similar control is provided for a
negative rotation of the escape wheel, which may occcur after impact.
When coupled motion is terminated, contrcl is shifted to the sub-
routine containing the free motion equations (location 200). This is
done directly if g<«0. In case that g20, the main program must
ascertain whether the preceding computations have been made for en-
trance or exit conditions, and accordingly, on which side the next
contact will occur. In the sample mechanism, g=0 when ¢ is approx-
imately 14LE° at entrance and approximately 207° at exit. Thus, if

€ > 0 and¢<50°, all possibility for entrance contact is ended and ¢
must be incremented by the tooth angle 8 (see Figures 2 and 5) while
¢ must be incremented by the angle 27—A. For g£3 Cand ¢> 50°,
entrance action follows exit action and ¢ must be decremented by the
angle 28 (see Figure L, where the new top tooth No. 3 comes ir o action).
At the same time, the pallet angle is decremented by -27+A,

B. FREE MOTION (locaticn 200)

After transferring the apvrooriate initial values
from the main orogram, the subroutine contz2ininz the free motion

3Kkes Routine, I3M, wystem/BbO Scientific Subrouti e Package,
(360A~CM-0X3) Version III
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equations computes the subsequent pos. .ions and an_ uler velocities cf
pallet and escape wheel. In addition to the above *rfrtir*ﬂc the

total escave wheel angle is
whether or not to remain in
the sensing parameters f and g

If £)0 and g'<0, free motion is continued without indexin If
£3>0 and g'>0, free motion is also continued. Since now contact is no
longer p0951b;e, indexing takes place.

If f<0, control is returned unconrnditionally to the main program.
If it finds in addition that &'>0, indexing takes place and control is
given back to the free motion subroutine. In case that both f<0 and
g'€0 contact is about to take place (or actually has just occurred).
The program must ncw decide whether this ccntact just represents a
close approach which will be followed by further free motion, or
whether it is the bezinninb of coupled moticn. To this e“‘, the
quentities Vp and Vg, Which stand for the velocities normal to the
pallet and escape wheel contact points,)respectively, are corouted in
the entrance and exit free motion tests®. The first three cases of
of the entrance free motion test of the vaip progrem are illustrated
by Figure 7. With both angular velocities ¢ and ¢ positive, the follow-
ing three possibilities exist:

=]
s 2
e
3

a ]
co nually commuted. The decision
this subroutine is made with tne belp of
1
g

(1) If B s the contacting surfaces will
separate again and free moglon will occur. Control remains with the
free motion subroutine (location 200).

(Tt |Vp| =|Vs|, the escape wheel will start driv-
ing the pallet in coupled motlon and control must be transferred to
the coupled motion subroutine (‘ccatlon 100).

Figure T Erntrance Free Motion Test
(¢ and y arc positive and distance f is exaggerated)

hUnder the present circumstances, i€ ¢<150°, only top contact can
follow, while ¢ >150° means that bottom contact will occur.
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(3) 1f Jv pr<vgh impact will occur, and ccntrol nust
be given to the impact subro atd (1ozation 300} .
The remainder of the free mOuiCH tests are constructed along

wm

Yo~

similar lines for different coubinations of angular velocity direction

C. IMPACT (location 300)

The subroutire containing the impact equations uses
tle current values of the angular velccities ¢; and 3 , and computes the
post-impact angular velocities ¢p and ¢ according to classical rigid
body impact theory (The tangential 1vpact due to fricticn has been
neglected).

After impact, control is returned to the main program, and it
must be decided whether free or coupled motion follows. This is
accomplished by comparing the post-impact velocities V, and Vg in the
impact tests. These are similar to the free motion tests.

If the contact velocities are vectorially equal to each other, or
if the absclute value of the difference of their azbsolute magnitudes
is less than 2.0 in/sec (considered a small quantity), control it

transferred to courled motion. If this velocity difference is greater
than the zbove criteria, computation is transferred to free motion.

5. FXAMPLE MECHANISM

The pin pallet escapement of the M525 fuze was used as
an example mechanism. The following first gives the dimensions of the
basic escapement (standard configuration) and then discusses certain
other data and computed values which are of importance for the com-
puter simulation.

A. DIMENSIONS OF STANDARD CONFIGURATION (See Fig. 5)

The standard configuration has the following

dimensions:
a = .193 in. (mean center distance) b = .1583 in.
c = .0968 in r = .0136 in.
a= Lo - 5 A = 109.337°
Ip = .91 X 10" ' 1b-sec“-in.(moment of inertia of pallet)
1 A 10-7 lb—sece-in.(moment of inertia of escape

L wheel)




3 LOWEN & ¥TEPPER

B. CEAR TRAIN

3 The escape wheel of the M525 fuze is driven by a
clock spring through = step-up gear train of ratic L5.98., The tim
: function of the fuze, which involves a delay of between two and four
i seconds, is accomplished once the spring has rotated tre input gear

15

E | through 310° and with that, the eccape wheel through L5.98 times as
3 many degrees. Since the beat of the escapement is generally well
stabilized after one tooth cycle, the total fuze t ay 1

1z im
tained by multiplying the time corresponding to 310° ¢
rotation by the above gear ratio,

C. STANDARD TORQUE USED IEK THE SIMULATION

D ks

Measurements on actual fuzes showed trat the
initial torque on the escape wheels varied tetween .017T7 and .031 in-
1b. Since the angle of rotation of the input gear is small, the
decrease in torque is also relatively small, Therefore, a constant
torque was assumed in the simulation, and its standard value was
chosen to be .0177 in-1b.

D, OTHER DIMENSIONS ASSOCIATED WITH STANDARD i
CONFIGURATION
»iﬁ For purposes of control in the computer program the

following dimensions are of interest.

The maximum magnitude for the dimension g, associated with
coupled motion is

gMAX = ~,055 in.

This occurs for the entrance condition when

- o
$mn = 132.1 '

Because of this value, the program is started in coupled motion
for ¢ = 135°., For exit action, this angle becomes:

$emx = 187°

The escape wheel angle corresponding to g=0 is also of interest.
For entrance action its magnitude is given by

o
$gon = 146.3
This angle is responsible for the somewhat larger indexing critericn
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of 150°. (See Section k.) For exit action, ;this angle becomes:

6. INFLUENCE OF VARIOUS PARAMETER CHANGES ON THE TOTAT

FUZE T
SR

| : The following revports on the results of numerous com-
puter runs in which a single input or geometric parameter was varied .
in order to determine its influence on the total fuze time. In all
cases, 0 = ,3 and & = ,25.

Time 4 ] : i
(sec.) | i Standard
\ / Configuration
| S -8
! .
} \54\0\ 1
i
2
| i
i i
i i i
1 01 .02 .23
% ,:v*i
& Torgue

{Lb=-in}
Figure 8 Influence of Escape Vheel Torque on
Fuze Delay Time

Figure 8 shows the influence of the escape wheel torque. One may
compare these timing results with those obtained from the well known
empirical expression:

! If t, and Tl represent fuze time and torque associated with the
standard configuraticn, one obtains from the above:

For T, = T5T, : t, = 2-79/—%3- = 3,22 seconds

= . = =4
and, Sox T2 l'25Tl ¢ %s . /1 ;5 = 2,49 seconds

The results of the simulation show excellent zZgreement with this em-
pirical relationship, which has been confirmed time and again by
experiment.

l
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B. IUFLUENCE OF PALLET MOMENT iOF INERTIA
Time i i ] I
(sec.) { — A |
(sec. { i/ standard |

i /{ configuration
| / p ¢
3 i r i
! i
| |
| |
2 . {
i i l
i |
o - i
<5 oa el 1.0 Uz

Figure 9 Influence of Pzllet Moment of Inertia on
Fuze Delay Time
Figure 9 shows that the totzl time of the fuze increases with an -
crease of the pallet moment of inertia. The ratio of zny two neriod
is approximately proportional to the ratio of the sauzre rcots of the
associated pallet inertias.

e

3

n

10GS

These results are also confirmed by many reports on experimen-
tation.

C. INFLUENCE OF PALLET-ESCAPE WHREL CENTER DISTANCE
Time
(sec.)

:
)

«150 <194 138
Center Distarnce "a” (in.

Figure 10 Influence of Pallet-Escape Wheel Center
Distance on Fuze Delay Time
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Figure 10 indicates that the fuze time ine
distance "a'" is increased. For a total inc
time increase is approxima r
by the experimenta

n_n

Bz

tion of

reases e&s the center
<! o =3
38 crease of .00T inches the
o a T - 1 b 117« SR
v T%. This result is generally confirmea

INFLUENCE OF PALLET RADIUS

Time (e :
(sec.) : - ——
3.00 e ¥ ;
2.90 h\\\\yﬁ__ TT— standard sonfiguration
| e
2.80 S
1 ) :
S | J\m "
i
2.50
|
. — i
2.50 % - 3
i
032 .CoL .05 .00%8 « 180

Figure 11

fallet Radius "z (in,)

Influence of Pallet Radius on Fuue Delay Tire

Figure 11 shows a continucus and quite dramatic decrease in fuze time

L=

as the pallet radius "c¢" is varied throusch .008 inches. Fxperimen-
tation in [2] gives a good correlation with this result of the simu-

lation.

E.

INFLUENCE OF COEFFICIENT OF FRICTICON

Tize
(sec.) { ‘ 3 :
2.90 : L !
i i l//////' {
2.80 : '
| /
2.70 N
gy’—V i standard —
‘ configuration ¥
2.50 , ;
< ! i ]
<i;ﬂff } z l 1
«20 .25 - .35

Figure 12 Influence of Coefficient of ¥

Coefficient of
Friction

¢tion of

rd
Coupled Motion on Fuze Delay Time
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Figure 12 in fuze time increases s the coeffieient
of friction an of
energy dissip

F. INFLUENCE OF COEFFICIENT OF RESTITUTION

According to Figure 13, the fuze time increases con-

siderably as the coefficient of restitution :is varied from 0 to .5.
Reference [1] shows that for e = 0, coupled moticn follows irmmediatelw
£ four impzcts,

n
after impact. When € = .5, entrance action consists o 2c
three of w“_ch are followed by free motion while the fourth is fol-
lowed by coupled motion. Exit action shows two immzcts with the last
one followed by coupled motion. Each of the impacts is fellowed Ty
escape wheel reversal. These multiple impacts and associated motion
reversals seem to account for the observed increase in fuze time.

Time
(sec.) y ; ! ; i ; 1 i | i
3.20 ; - -
4 i i 1 i ! ~
| ey

3.10 ' : ] j : i///)r

5.00 ; : ///,/,,,

2.30 B T_/c/

2.30 l'_ ; ; ~

| f G 1

2.70 // :

i i | \— standard!configuration

2.50

{ , ; \ i i | { i |

2 " b o5
Coefficient of
R2stitution e

o

Figure 13 Influence of Coefficient of Restitution on
Fuze Delay Time
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